Color and luminance detection and discrimination asymmetries and interactions  by Vingrys, Algis J. & Mahon, Luke E.
Pergamon 
PII: S0042-6989(97)00250-2 
Vision Res., Vol. 38, No. 8, pp. 1085-1095, 1998 
© 1998 Elsevier Science Ltd. All rights reserved 
Printed in Great Britain 
0042-6989/98 $19.00 + 0.00 
Color and Luminance Detection and 
Discrimination Asymmetries and Interactions 
ALGIS J. VINGRYS,* LUKE E. MAHONt~: 
Received 29 January 1996; in revised form 22 July 1996; in final form 30 July 1997 
We investigated the nature of color and luminance processes under threshold and suprathreshold 
conditions in normal trichromatic observers. Detection and discrimination contours as well as 
threshold-vs-contrast (Tvc) functions were measured in the Derr ington-Krauskopf-Lennie (DKL) 
color space using a masking paradigm. Such contours revealed substantial threshold asymmetries 
along the three cardinal axes for excursions of opposite polarity along a single axis (e.g. "red" vs 
"green"). The detection threshold asymmetry was significant for the "blue" and "yellow" (P < 0.05) 
and luminance increments and decrements (P < 0.01). For suprathreshold iscrimination contours 
the polarity of these asymmetries reversed but remained significant for "blue" and "yellow" 
(P < 0.001) and luminance increments and decrements (P < 0.01). No significant differences were 
found between the "red" and "green" cardinal axes under either condition. The discrimination 
contours also indicated that suprathreshold performance had variable masking along the different 
axes. A characteristic Tvc curve was found in all cardinal directions except "yellow". The Tvc for 
"yellow" differed from the other cardinal directions by showing no masking after the initial 
facilitation and by giving a greater saturating response as a function of contrast. We considered 
whether the state of retinal adaptation had any role in producing the asymmetries. © 1998 Elsevier 
Science Ltd. All rights reserved. 
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INTRODUCTION 
The human visual system processes color and luminance 
contrasts in a manner consistent with cone inputs to three 
second stage mechanisms, two being color opponent 
[red-green (RG), blue-yellow (BY)] and the third an 
additive achromatic process (luminance (L): Hurvich & 
Jameson, 1957; Noorlander, Heuts & Koenderink, 1981; 
Stromeyer, Cole & Kronauer, 1983; Stromeyer, Cole & 
Kronauer, 1985; Stromeyer, Cole & Kronauer, 1987; 
Cole, Hine & Mcllhagga, 1993; Metha, Vingrys & 
Badcock, 1994). Although detection thresholds can be 
relatively well understood and described by assuming 
independence between these channels, little is known 
about suprathreshold performance and whether asymme- 
tries exist between opposite polarities of a single 
mechanism. 
Two methods can be used to evaluate suprathreshold 
performance. One is to determine detection and dis- 
crimination contours and the other is to measure a 
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threshold-vs-contrast (Tvc) function. Detection contours 
are commonly used to study the mechanisms mediating 
detection threshold at a fixed level of background 
adaptation (Stromeyer et al., 1983, 1985, 1987; King- 
Smith, Vingrys, Benes, Grigsby & Billock, 1989; 
Poirson, Wandell, Varner & Brainard, 1990; Cole et al., 
1993; Metha et al., 1994). Discrimination contours can be 
derived by determining thresholds from a color of 
variable magnitude (the mask) at a fixed adapting 
background (Chaparro, Stromeyer, Kronauer & Eskew, 
1994) but, to our knowledge, these have rarely been 
measured. When using this paradigm, the adapting 
background is kept constant o prevent confounding 
adaptation effects with changes in discrimination. One 
benefit of a contour determination is that the interactions 
between mechanisms can be appreciated, aswas demon- 
strated by Chaparro et al. (1994). 
Alternatively, threshold-vs-contrast functions can be 
used to evaluate the effect that a contrast mask has on 
thresholds (Van der Horst & Bouman, 1969; Kulikowski, 
1976; Legge, 1981; DeValois & Switkes, 1983; Kelly, 
1983; Mullen, 1985; Bradley & Ohzawa, 1986; Whittle, 
1986; Switkes, Bradley & De Valois, 1988; Losada & 
Mullen, 1994; Yang & Makous, 1994). Tvc curves how 
a consistent and well defined response as a function of 
contrast, especially for luminance (Legge, 1981; Switkes 
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et al., 1988). Beyond absolute detection threshold there 
is an initial phase of threshold reduction (facilitation) 
which continues until the mask reaches threshold 
contrast. This facilitation has been explained in terms 
of subthreshold summation coupled with an accelerating 
non-linearity in the transducer process (Nachmias & 
Sansbury, 1974; Wilson, 1980; Foley & Legge, 1981; 
Switkes et al., 1988; Yang & Makous, 1994). A non- 
linear transducer is also consistent with the known 
properties of neuronal responses (Barlow, Kaushal, 
Hawken & Parker, 1987). However, it has also been 
proposed that facilitation can be attributed to a 
reduction in uncertainty within the detection process 
(Lasley & Cohn, 1981; Pelli, 1985). Several recent 
studies have failed to find evidence supporting this 
uncertainty model (Eskew, Stromeyer, Picotte & Kro- 
nauer, 1991; Yang & Makous, 1994) and any role that 
uncertainty has in this process needs clarification. Once 
the mask reaches threshold, the Tvc curve shows a 
positive slope that can be described by a power function 
(Legge, 1981). The nature of the power function has 
been attributed to a compressive non-linearity in the 
transducer (Nachmias & Sansbury, 1974; Kulikowski, 
1976; Tolhurst & Barfield, 1978; Legge, 1981; Switkes 
eta l . ,  1988). 
The slopes of the Tvc curve can be affected by the 
spatial, temporal and adaptational properties of the 
stimulus (Legge, 1981; Switkes et al., 1988; Losada & 
Mullen, 1994; Yang & Makous, 1994) as well as the 
metric used to describe performance (Legge, 1981; 
Bradley & Ohzawa, 1986; Yang & Makous, 1994). 
Several investigators have shown that normalizing Tvc 
curves to their own thresholds (threshold ratio) can 
reduce these slope differences to noise levels under 
limited circumstances (Bradley & Ohzawa, 1986; Yang 
& Makous, 1994). 
A major shortfall in the literature is that most Tvc 
functions have been obtained using sinusoidal modula- 
tions. Such sinusoids generate bipolar probes that make 
excursions either side of an adaptational background. 
One disadvantage in using bipolar probes is that they fail 
to tap the individual components of a channel ("incre- 
ment" vs "decrement" or "red" vs "green") and must 
therefore yield thresholds that reflect he activity of only 
the most sensitive component or some combination of 
both components. However, the visual system is known 
to respond to increments and decrements via separate 
(ON-OFF) pathways (Kuffler, 1953; Schiller, 1992). 
These pathways make use of different neural transmitters 
(Slaughter & Miller, 1981 ), are formed by connections in
different parts of the retina (Famiglietti & Kolb, 1976) 
and have separate projections to the cortex (Schiller, 
1992). Schiller proposes that light increments (L+) are 
detected by the ON-system, whereas light decrements 
(L-)  are detected by the OFF-system. Hence, the 
processing of colors having opposite polarity along a 
common axis, e.g. "red" vs "green" or "blue" vs "yellow" 
could also involve separate neural substrates. This would 
suggest that studying the Tvc relationship with unipolar 
probes may provide more information regarding differ- 
ences in those substrates contributing to a particular 
mechanism (RG, BY or L), if any differences were to 
exist. 
One important issue relevant o this subject is the 
nature of the neural substrate signaling "yellow". In terms 
of DKL space, "yellow" results from a reduction of S- 
cone activity, suggesting that "yellow" is signaled by 
blue OFF cells. Blue OFF cells are not readily identified 
by anatomical and physiological studies and are con- 
sidered to be scarce (Mariani, 1984; Schiller, 1992). 
Hence, an alternative proposal is that "yellow" is signaled 
by a reduction in blue ON activity. If this were to occur, 
then the contrast gain of "yellow" would reflect the 
accelerating non-linearity in the blue ON transducer, 
whereas the contrast gain of "blue" would reflect the 
compressive non-linearity of this same transducer. There 
are few reports of contrast discrimination functions for 
the blue-yellow system, even though it is known to 
exhibit different spatial and temporal characteristics 
(King-Smith & Carden, 1976), and have both anatomical 
(Mariani, 1984; Schiller, 1992) and neurophysiological 
distinctions (DeValois, Abramov & Jacobs, 1966) when 
compared with the red-green and luminance channels. 
There is much psychophysical evidence to support the 
existence of asymmetries within the luminance process at 
threshold (Boynton, Ikeda & Stiles, 1964; Short, 1966; 
Krauskopf, 1980; Whittle, 1986; Bowen, Pokorny & 
Smith, 1989; Bowen, Pokorny, Smith & Fowler, 1992). 
Thresholds for luminance decrements are reported to be 
lower than corresponding thresholds for increments, 
although such asymmetries are not universally found 
(Rashbass, 1970; Roufs, 1974; Bowen et al., 1992). 
Differences have also been reported between incremental 
and decremental thresholds in the presence of a 
chromatic adapting background (Guenther & Zrenner, 
1993). This has been interpreted as evidence that 
suprathreshold discrimination favors detection by a 
system that prefers decrements over increments. How- 
ever, Nagy and Kamholz (1995) failed to find chromatic 
interactions with luminance and concluded that here was 
little evidence of asymmetries within the luminance 
mechanism at low contrasts. It has been proposed that 
the definition of the metric used for increments and 
decrements may be one reason underlying these incon- 
sistent findings (Legge & Kersten, 1983; Yang & 
Makous, 1994). 
With respect to color mechanisms, little asymmetry is 
evident in the processing of red or green thresholds at the 
fovea (Stromeyer et al., 1985; Cole et al., 1993). 
However, a substantial red-green asymmetry has been 
reported for peripheral retina and was demonstrated to be 
of post-receptoral origin (Stromeyer, Lee & Eskew, 
1992). Asymmetries observed in abnormal eyes have also 
been proposed to arise from post-receptoral causes 
(King-Smith et al., 1989; Billock, Vingrys & King- 
Smith, 1994). It has been postulated that such asymme- 
tries may reflect differences in response compression 
(King-Smith et al., 1989) or differences inthe numbers of 
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detecting channels (Billock et al., 1994). Finally, there is 
increasing evidence for separate components within the 
color opponent mechanisms, as shown by both color 
matching as well as hue scaling procedures (DeValois & 
DeValois, 1993; DeValois, DeValois, Switkes & Mahon, 
1996). 
In this study we consider some of these issues, 
particularly the potential existence of asymmetries and 
the relationship between chromatic and luminance 
threshold and suprathreshold performance. For this 
reason we used incremental unipolar probes of opposite 
polarity that made excursions along color axes from 
an adapting whitepoint. We evaluated differences in 
threshold and suprathreshold performance by studying 
discrimination and detection contours in each of three 
cardinal color planes of DKL space. We also measured 
Tvc functions along the major axes of the three cardinal 
color planes to determine if the processing of red-green, 
blue-yellow and luminance increments and decrements 
were similar. 
EXPERIMENTAL  METHODS 
Observers 
We used three male observers, aged 26--42 years, for 
this study, with informed consent being obtained as 
required by our institutional ethics approval. The 
experiments were performed monocularly on the eye 
with best acuity. Observers had corrected visual acuity of 
6/6 or better in their tested eye and normal color vision 
when tested with the Ishihara plates, FM-100 hue test and 
Nagel anomaloscope. All subjects were experienced 
psychophysical observers with one being nai've to the 
exact question addressed by this study. 
Apparatus 
Stimuli were generated at a 90-Hz frame rate on a 
Barco RGB color TV monitor (CDCT 6551) using a 
Cambridge Research Systems Visual Stimulus Generator 
(VSG2/1). Calibration of the monitor was achieved with 
a Spectra-Pritchard 1980B telespectroradiometer con- 
trolled by a Hewlett-Packard 9826 computer. Calibration 
was performed at monthly intervals using a computer 
controlled and automated procedure. This generated three 
12 bit Look-Up Tables (LUT) that gamma corrected each 
gun via our own software and has been described 
elsewhere (Metha, Vingrys & Badcock, 1993). The 
monthly checks showed trivial changes to the gamma 
functions over the period of the study. 
Stimulus and color space 
The test paradigm involved a spatial, four-alternative 
forced-choice procedure. Four 1 deg spots were pre- 
sented at the corners of a 3.2 deg × 3.2 deg square on a 
white background (x = 0.30, y = 0.31: approx. Illuminant 
C) with an average luminance of 33 cd/m 2. This white 
point places the phosphor LUT at the 50% level giving 
the largest operating range (Metha et al., 1993) and 
producing a2L- to 1M-cone activation for the whitepoint. 
A further large background (30 deg x 50 deg), color and 
luminance matched to the TV monitor, was used to 
stabilize adaptation. The spots were centered 1.6 deg 
from the fovea at a normal viewing distance of 175 cm. A 
chin and head rest were used to maintain viewing 
distance. All spots were presented within a 600-msec 
raised cosine temporal envelope (full width at half height 
300msec) after pilot trials showed that temporal 
summation for all colors was complete by this time. 
The colors generated by the TV monitor were 
expressed in terms of Weberian cone contrast after 
applying the Smith and Pokorny cone fundamentals 
(Smith & Pokorny, 1975) to the measured spectral 
response of each phosphor as detailed by Metha et al. 
(1993, 1994). No allowance was made for preretinal 
effects as we have shown that the Weberian metric 
constrains uch effects on thresholds to within measure- 
ment errors (Metha et al., 1994). Vectors lying off the L-, 
M- or S- axes had their amplitude xpressed as RMS cone 
contrast. Our transform between cone excitation and 
DKL space was consistent with the following require- 
ments (Krauskopf, Williams & Heeley, 1982; Brainard, 
1996): 
1. The isochromatic axis represents stimuli that 
increase or decrease activation within all three cone 
types proportionately such that the ratio of activity 
remains constant. 
2. The 0-180 axis represents stimuli that change the 
activation of L- and M-cones, in an opponent 
fashion, such that the ratio of L:M remains constant 
so as to maintain isoluminance (S-cone activity 
remains constant and is not altered along this axis). 
3. The 90-270 axis represents stimuli that increase or 
decrease S-cone activation only, while maintaining 
constant activation of the L and M cones. 
The spectral composition of each spot was specified 
within the the three cardinal DKL planes that contained 
the isochromatic and 0-180 axes (RG-L plane), the 
isochromatic and 90-270 axes (BY-L plane) and the 
isoluminant 0-180 and 90-270 axes (RG-BY isolumi- 
nant plane). Although in this study we use the terms 
"red", "green", "blue" and "yellow" (R, G, B, Y) to 
describe the DKL axes, we do not mean to imply that 
colors lying along such axes necessarily evoke these 
color perceptions. Threshold units (TUs) were deter- 
mined by normalizing empirical data to the average 
threshold of the three observers found over repeated 
trials, namely: L = 0.0737, RG = 0.0143, BY = 0.0819. 
Contrasts (AX/X) were restricted to 14 TUs along the red- 
green, 8 TUs along the blue-yellow and 11 TUs along the 
luminance axes to avoid color changes induced by 
monitor operational extremes. This constrains monitor 
operation to between 10 and 90% of gun output and 
should yield reliable color rendition (Metha et al., 1993). 
Procedures: Tvc curves 
Tvc curves were obtained using a same-on-same four 
spatial alternative forced-choice (4AFC) masking proce- 
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dure such that the probe and reference spots were both 
located on one of the six cardinal axes (R, G, B, Y, L+, 
L - ) .  At each presentation, three of the four spots were 
constant (reference) and one randomly selected spot 
(probe) was incremented above the reference level. For 
detection, the reference spots were at the background 
whitepoint, whereas for discrimination, the reference 
level varied from the whitepoint over a range from 
0.25 TU to the maximum usable contrast for each color 
axis. The observer's task was to identify which of the four 
locations contained the spot (detection) or different spot 
(discrimination) with a toggle response box. A tone 
sounded to initiate the presentation and auditory feedback 
was provided to indicate whether the response was 
correct or incorrect. In all cases responses were self 
timed. 
A modified staircase with a three correct/one incorrect 
reversal criterion was used (Wetherill & Levitt, 1965). 
For a 4AFC this converges to the 72.5% correct level. 
Staircase stepsize halved to 0.04 log units after the first 
reversal, which has been shown to provide minimal 
variance in thresholds (Vingrys & Mahon, 1997). In all 
cases, the starting point was chosen to be approx. 1.5 TUs 
above the expected threshold determined from pilot 
trials. Thresholds were estimated using the geometric 
mean of the last 12 of 13 reversals. The data shown in this 
paper are the means and standard errors of the mean 
(SEM) for multiple retests that were run concurrently 
using four randomly interleaved staircases. One observer 
(LM) was retested eight times over two test sessions and 
the other two observers were retested four times, with 
most testing performed over a 4-6-week period for all 
color angles. 
Procedures: threshold-detection and suprathreshold- 
discrimination contours 
Threshold detection and suprathreshold discrimination 
contours were obtained using stimulus thresholds located 
at 24 different angles (0n,: where x, y = R, G, B, Y, L+ or 
L - )  about the whitepoint in each of the three cardinal 
planes (Vingrys & Mahon, 1994). These angles were 
based on a fixed scaling factor derived from our average 
threshold unit conversion (see earlier methods) and could 
suffer some noise in the level of their precision. 
Discrimination contours were determined for same-on- 
same excursions from a base contrast of 5 TU for each of 
the 24 angles, the dependent variable being the vector 
length for the angles being tested. Measurements were 
made using similar procedures to those outlined in the 
preceding section. Contour profiles were fitted to this data 
using the model described in Appendix I. 
Adaptational study 
The BY system is known to show a different 
adaptational response compared with the other systems 
(Zaidi, Shapiro, & Hood, 1992). Hence, in order to 
consider whether the adaptational state of the eye could 
have somehow influenced our findings, we performed an 
adaptational study on each observer. We used the same 
TABLE 1. Summation i dices for the threshold and suprathreshold 
contours hown in Fig. 1 obtained by the model described in 
Appendix I 
Threshold Suprathreshold % change 
RG-L 1.99 2.44 22.6 
BY-L 2.21 2.92 32.1 
RG-BY 2.07 3.78 82.6 
Average 2.09 4- 0.11 3.05 -4- 0.68 45.7 
Also given is the relative change (%) in this index for suprathreshold 
conditions. 
procedures as in defining the Tvc curves, except hat only 
detection threshold ata were collected. For this experi- 
ment, each subject was dilated with one drop of 
Tropicamide (1%) to obtain at least 6.5-mm pupils, then 
dark-adapted for 30rain prior to testing. Retinal 
illumination (photopic troland) was calculated by con- 
sidering the exact amount of dilation and the luminance 
of the screen. Observers wore light-tight goggles with 
ND filters (0-1.2 ND) placed over the goggle aperture 
just in front of the eye. 
Statistical analysis 
For the threshold and suprathreshold data, a 1-factor 
(Color; C = RG, Lum, BY) repeated measures ANOVA 
with an alpha of 0.05 was used to test for significant 
differences. Means contrasts were employed to determine 
which combinations of opposite polarity (R and G, B and 
Y, or L+ and L - )  showed significant asymmetries 
(Keppel & Saufley, 1980). Our a priori null hypothesis 
was that no significant difference xisted between colors 
of opposite polarity (i.e. R = G, etc.). 
RESULTS 
Threshold/suprathreshold c ntours 
Figure 1 shows detection (solid line; filled symbols) 
and discrimination (dotted line; open symbols) contours 
for each of the three planes of color space fitted to the 
averaged thresholds of the three observers. The fitting 
process minimized the Chi-square statistic using a 
Levenberg-Marquardt method (Press, Flannery, Teu- 
kolsky & Vetterling, 1988). We have chosen to show 
average data after a repeated measures ANOVA found no 
significant between-observer differences (P > 0.05). The 
axes of Fig. 1 show threshold unit contrasts required for 
detection or discrimination. Therefore, for suprathreshold 
conditions, the base contrast has been factored out of 
each endpoint. 
The summation indices for the data of Fig. 1 are given 
in Table 1 and, at threshold, are consistent with isolation 
of independent mechanisms. Suprathreshold summation 
indices are, on average, 45.7% greater than those found at 
threshold (Table 1). Although we have fitted the 
suprathreshold data with the same model as that used 
for thresholds, the curves are shown only to give a visual 
impression of the underlying trend and do not necessarily 
imply independence in the discrimination processes. The 
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contours of Fig. 1 also yield threshold values for the 
separate components within each mechanism (Table 2). 
The data of Table 2 show significant threshold asymme- 
tries for different polarities along each cardinal axis 
except for red-green. Contour asymmetries can be further 
evidenced by the displacement of the surface centroid 
[triangles, Fig. l(a-c)]. These displacements are most 
marked for the luminance and BY axes and the nature of 
the asymmetry reverses for suprathreshold iscrimination 
of all colors except red and green. This is evidenced by 
the open triangles lying on the opposite side of the axis to 
the solid triangles. 
A one-factor repeated measures ANOVA showed 
significant asymmetries in the three cardinal planes 
(P < 0.05) but no significant differences between ob- 
servers (P > 0.05). Means contrasts (Table 2) identified 
blue (0.95) and yellow (1.08, P < 0.05) and L+ (0.84) and 
L -  (1.15, P < 0.01) as having significant asymmetries 
but no significant asymmetry between red (0.95) and 
green (1.12) was found. A similar analysis for supra- 
threshold discrimination contours also found no signifi- 
cant difference between observers (P > 0.05). Means 
contrasts found significant asymmetries between blue 
(1.85) and yellow (1.21, P < 0.001) and L+ (2.18) and 
L - (1 .44 ,  P < 0.01). As was the case with detection 
thresholds, there was no significant difference in the 
discrimination thresholds of red (1.59) and green (1.66). 
It is observed that the polarity of the asymmetry found 
for suprathreshold iscrimination is reversed from that 
found at threshold for both the blue-yellow and 
luminance mechanisms (Table 2). At suprathreshold 
levels of contrast, L -  and Y thresholds are lower than are 
L+ and B, whereas the opposite occurs at detection. The 
relative changes from threshold to suprathreshold condi- 
tions for the various mechanisms is consistent with the 
visual system having greater suprathreshold sensitivity 
for decrements and suggests ubstantial differences in the 
gains of these processes. This point is considered in 
greater detail in the next section. 
Cardinal axis contrast discrimination functions (Tvc) 
Figure 2 shows the normalized mean thresholds for one 
observer as a function of base contrast (TU) for all six 
cardinal axes. The data for the other observers showed 
similar trends. All data have been fitted by two 
intersecting lines to demonstrate the trends, however, 
such fitting should not be taken as an indication that the 
relationship is linear (see Fig. 3). In all cardinal directions 
maximum facilitation occurs at approx. 1 TU. Beyond 
this value thresholds increase and substantial masking 
occurs beyond 3-5 TU in all cases except yellow. 
HGURE 1. Normalized threshold detection (filled symbols, solid line) 
and suprathreshold discrimination (open symbols, dashed line) 
contours measured along 24 angles within each cardinal plane of 
DKL space. The triangles indicate the centroids for the threshold 
(filled) and suprathreshold (open) surfaces (see text for details). (A) 
The RG-L cardinal plane. (B) The BY-L  cardinal plane. (C) The RG-  
BY cardinal plane. 
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TABLE 2. Detection and discrimination thresholds (TU) obtained 
from Fig. 1 
Condition Red Green Blue Yellow L+ L 
Detection 0.95 1.12 0.95 1.08 0.84 1.15 
(asymmetry) -0.17 -0.13" -0.31 ** 
Discrimination 1 •59 1.66 1.85 1.24 2.18 1.44 
(asymmetry) 0.07 0.61 *** 0.74** 
Average threshold asymmetries have been calculated and significant 
values are indicated. 
*P < 0.05. 
**P < 0.01. 
***P < 0.001. 
TABLE 3. Average xponents (SEM) for the suprathreshold portion of 
the Tvc functions measured for the six cardinal axes of color space 
Average 
R 0.51 ± 0.02 
G 0.41 ± 0.04 
B 0.49 ± 0.05 
Y 0.22 ± 0•06** 
L+ 0.61 -4- 0.03* 
L - 0.50 ± 0.06 
*P < 0.05. 
**P < 0.01. 
Figure 3 shows individual data for yel low normal ized 
to each observer 's  threshold (open symbols, dotted lines) 
and the average trend (solid line) obtained after normal- 
izing with an average threshold. The Tvc function for 
yel low shows no masking and never exceeds the 
detection threshold (horizontal line, Fig. 3). In particular, 
the yel low Tvc function exhibits an asymptote in its gain 
beyond 3 TU. The similarity in the trends confirms that 
there is no significant between-observer variabil ity. 
F igure 2 indicates that the gain of  the red and green 
thresholds are similar as a function of  base contrast. 
Relative sensitivities for red and green remain similar 
throughout heir operating range (Table 2). The yel low 
gain produces a ceil ing in its Tvc function (Fig. 3), which 
means that yel low becomes signif icantly more sensitive 
than blue beyond 5 TU, even though yel low has a higher 
initial detection threshold (Table 2; 1.08 vs 0.95)• For the 
luminance process, increments how a greater gain than 
decrements. Even though decrements how a higher 
initial detection threshold (Table 2; 1.15 vs 0.84), the 
differential gains make the visual system more sensitive 
to decrements at suprathreshold evels. 
A power function was fitted to the normal ized 
increment threshold data (Legge, 1981) derived from 
Fig. 2 and the average exponents for the three observers 
are given in Table 3. Results of a repeated measures 
ANOVA on the exponents showed no significant 
difference between observers (P > 0.05). A significant 
difference (P < 0.05) between the exponents of the six 
cardinal directions was found. Means contrasts found the 
average yel low (0.22 i 0.06; P < 0.01) and L + (0.61 i 
0.03; P < 0.05) exponents were signif icantly different 
from all others. There was no significant difference 
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FIGURE 2. Normalized increment thresholds plotted as a function of 
base contrast for the six cardinal directions of color space. The 
horizontal line represents he normalized detection threshold. The data 
have been fitted with two straight lines to visualize the underlying 
trends. Red, blue and luminance increments are represented by filled 
symbols and solid lines• These data are for one observer (LM) and are 
representative of the other two observers. 
between the exponents tor the other directions• It is 
interesting to note that R, B and L+ have greater 
exponents than do their respective opposite polarity 
processes (G, Y, L - ) .  
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FIGURE 3. Tvc functions for the yellow cardinal direction ormalized 
to the individual thresholds for each observer (open symbols; dotted 
lines), compared with the average trend (filled symbols; solid line) 
obtained by normalizing with an average threshold. The horizontal line 
indicates the detection threshold. Error bars represent 1 SEM. 
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FIGURE 4. Average normalized threshold contrast as a function of test 
field retinal illuminance (log photopic troland). Data for each color 
mechanism have been displaced vertically for clarity. Error bars 
represent 1 SEM and are shown to the right of each pair of curves. The 
shaded region shows the levels of retinal illumination achieved inour 
experiments. 
Adaptational study 
Figure 4 shows that the adaptational state of our 
observers could not contribute to the threshold asymme- 
tries found in our experiments. The shaded region of Fig. 
4 shows the level of retinal illumination applicable to our 
testing. It is evident that the mechanisms are on their 
Weber region (slope zero) for at least 0.5 log units and 
the similar trends for all color directions further indicates 
that the asymmetries are unlikely to be explained by 
differential adaptational states. The luminance process 
shows divergence in its trend, suggesting that decrements 
become more sensitive at reduced illuminations and that 
this divergent process may underlie some of the 
asymmetries previously reported for this mechanism at 
absolute threshold (see Introduction). 
DISCUSSION 
Detection and discrimination contours. 
Detection contours measured in color space are a 
convenient way to analyze interactions between different 
chromatic and achromatic mechanisms. However, 
although detection contours for the red-green and 
luminance mechanisms have been extensively studied 
(Stromeyer et al., 1985; Cole et al., 1993; Metha et al., 
1994) there is a paucity of data regarding such contours 
for the blue-yellow process, as well as for suprathreshold 
conditions. One of the factors that frustrates comparisons 
across independent mechanisms i the development of a 
meaningful contrast metric. In this study we have chosen 
to present contrasts normalized to the average threshold 
unit for each cardinal axis. Other investigators have 
shown that normalizing Tvc curves to their own thresh- 
olds (threshold ratio) can produce functions that are noise 
limited (Bradley & Ohzawa, 1986; Yang & Makous, 
1994). 
Table 1 lists the summation indices for threshold and 
suprathreshold conditions. These can be used to evaluate 
independence and the level of probability summation that 
occurs between the mechanisms mediating detection or 
discrimination (Boynton et al., 1964), where it is 
assumed that the most sensitive mechanism determines 
threshold. In this case two equally sensitive but 
independent mechanisms can contribute to threshold 
with their relationship being governed by probability 
summation, which acts to lower the threshold from that 
obtained by either mechanism alone. Alternatively, if two 
mechanisms are equally sensitive but not independent, 
they might summate their outputs, showing facilitatory or 
inhibitory interactions. In either of these cases a lack of 
independence would exist between the putative mechan- 
isms responsible for threshold. The average index for all 
mechanisms at threshold (2.09) is consistent with 
detection thresholds being mediated by probability 
summation between two independent mechanisms• The 
increase in the average summation index found with 
suprathreshold conditions (3.05) can be interpreted as a 
reduced level of independence and could imply dom- 
inance of one mechanism compared with the other. Table 
1 indicates that all color planes show this effect under 
suprathreshold conditions but that it is in the RG-BY 
plane where the largest change (82%, Table 1) is seen. 
Masking interactions between color (RG) and luminance 
have been reported by others (Switkes et al., 1988) which 
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we feel are consistent with our findings and interpreta- 
tion. 
In the RG-L  plane [Fig. l(a)] there is masking at 
suprathreshold levels along all axes, which is evident by 
the increased threshold found under these conditions. The 
greatest masking is seen with luminance increments, 
which is also supported by the Tvc slopes. Another 
obvious finding is that substantial asymmetry occurs 
between luminance increment and decrement thresholds, 
which is most marked at suprathreshold levels. For the 
BY-L plane [Fig. 1 (b)] the contours also support he Tvc 
findings. In general, yellow shows little masking. 
Luminance decrements show some masking, especially 
in the presence of blue but not yellow, whereas blue and 
luminance increments both show the greatest levels of 
masking, especially when presented in combination. 
Asymmetries are prominent along both axes and are 
especially evident at suprathreshold levels. For the 
isoluminant (RG-BY) plane [Fig. l(c)], the asymmetry 
is most prominent for the blue-yellow axis. The greatest 
level of masking is found for blue and the least for 
yellow. 
Although we argue that the threshold contours of Fig. 1 
can be explained by two independent mechanisms, we 
cannot dismiss the possibility that, in fact, multiple 
mechanisms may exist and that the threshold contours 
reflect the presence of these processes (Poirson et al., 
1990). Likewise, the trends found for suprathreshold 
contours can also be interpreted using a paradigm of 
multiple mechanisms, each with independent contrast 
gains. Even though we acknowledge that a multi- 
mechanism model is plausible, we feel that our experi- 
mental design is not capable of differentiating such a 
model from the more simplistic proposal, where two 
mechanisms of unipolar gains mediate detection in each 
plane. 
The larger levels of differential masking observed at 
suprathreshold contrast levels by the BY mechanism 
(RG-BY and BY-L planes) suggests that a different form 
of processing may underlie the blue-yellow signal 
(Switkes et al., 1988). Drum, Arrnaly, and Huppert 
(1989) reached a similar conclusion from data obtained 
on normal and glaucoma patients and suggested a more 
central site for the BY mechanism with the inputs being 
linked after their sensitivity had been determined. Similar 
conclusions have been suggested by other psychophysi- 
cal studies (Kranda & King-Smith, 1979). 
Tvc CHFVeS 
The slopes for the masking effects shown in Fig. 2 are 
R=0.11;  G=0.08;  B=0.14;  Y=0.04;  L+ =0.27 and 
L -  = 0.13. These were similar for all observers and 
indicate that the masking effect is greatest for L+ and 
least for Y. Table 3 specifies the masking effect as an 
exponent for the contrast discrimination functions as 
proposed by Legge (1981). Our exponent values are 
consistent with the literature for red-green and luminance 
gains. Legge (1981) reports achromatic exponents of 0.6- 
0.7 with higher values being found with targets of higher 
spatial frequency (2 vs 8 c/d), while Switkes et al. (1988) 
found exponents of similar magnitude for both chromatic 
(0.63) and achromatic (0.66) sinusoids (2 c/d). On the 
other hand, Losada and Mullen (1994) found values 
ranging from 0.18 to 1.6 with an average of 0.67 for 
sinusoidal stimuli of different spatial frequencies. The 
similarities between our results (based on Weberian 
contrast) and the above-mentioned studies (Michaelson 
contrast) is gratifying, given that different contrast 
metrics are known to produce different outcomes (Legge 
& Kersten, 1983). Furthermore, given the differences in 
the target configuration (spots vs sinusoidal gratings) and 
test conditions (4AFC in our study) our data are in 
general agreement with the previous literature and show 
that achromatic exponents have higher values than do 
chromatic ones. However, we did not find any significant 
between-observer variability in our data as has been 
reported in other studies (Losada & Mullen, 1994) which 
may reflect the multiple retesting or the adoption of 
practiced observers. 
We were unable to find any previous data on the 
contrast gain characteristics of the blue-yellow system. 
Our results indicate that the exponent for the blue 
direction (0.49) is similar to that for red (0.51) and green 
(0.41), suggesting similar contrast gain control for these 
color processes. On the other hand, our results show that 
the Tvc curve for yellow has an unusually low gain (Figs 
2 and 3), with little masking. It also shows a marked 
asymptotic behavior beyond 3-5 TUs (Fig. 3). It is 
possible that this plateau reflects a saturation in the 
transducer. If yellow were mediated by blue OFF cells 
then these cells have a limited range of operation and 
saturate arly. Alternatively, ellow might be detected by 
a reduction in the blue ON response, in which case the 
accelerating non-linearity (yellow) shows less gain than 
does the compressive non-linearity (blue) for this 
transducer. Given the paucity of evidence for blue OFF 
cells (Mariani, 1984; Schiller, 1992) we feel that the 
latter explanation most likely underlies our observations. 
Response asymmetries. 
Threshold asymmetries can have different causes. 
They may arise from differences in cell numbers within 
the red-ON or green-ON channels (Billock et al., 1994) 
or be due to differences in the way increments (red-ON/ 
green-ON) and decrements (red-OFF/green-OFF) are 
processed (King-Smith et al., 1989). The former 
explanation is related to the particular channel subserving 
the process, whereas the latter is related to the nature of 
the response. In our study, response asymmetries can be 
appreciated both from the slopes of the Tvc curves and 
the detection contours. In considering channel asymme- 
tries at threshold, L+ and B are significantly more 
sensitive than are their respective counterparts (L -  and 
Y). We also note that, at threshold, red was consistently, 
although not significantly, more sensitive than green, 
suggesting the possibility for some slight asymmetry 
within this system (Fig. 1). The lack of significance in the 
asymmetry in the red-green channel for foveal thresholds 
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is consistent with the literature (Stromeyer et al., 1985; 
Cole et al., 1993). 
Although we find that the overall Tvc function for the 
luminance system favors decrements (smaller exponent), 
our initial threshold asymmetry for luminance (lower 
thresholds for increments) is not consistent with previous 
reports which find lower thresholds for decrements 
(Boynton et al., 1964; Short, 1966; Krauskopf, 1980; 
Whittle, 1986; Bowen et al., 1989, 1992). We show that 
this difference may partly arise from the adaptational 
state of  the eye (Fig. 4), the contrast metric used and/or 
the test paradigm (we have used spatially distinct stimuli, 
compared with previous reports where the spatial extent 
was common). 
We feel that asymmetries can be viewed in terms of 
ON and OFF cell-mediated etection. In this context, red 
increments would be detected by an increase in the 
activity of  the respective ON cell (Schiller, 1992). Hence 
the threshold asymmetries found in our study reflect 
different sensitivities in the respective ON/OFF popula- 
tions, whereas the suprathreshold asymmetries reflect 
differences in their gain processes coupled with the 
threshold sensitivity. The finding that the L-system has a 
low contrast gain is consistent with the observation made 
by Guenther and Zrenner (1993) that suprathreshold 
performance is mediated by a system that prefers 
decrements. In fact, we can extend this finding to all 
color and luminance processes above 5 TUs, since the R, 
B and L + exponents are greater than are their respective 
counterparts (Table 3) and have a distinct threshold 
advantage at these levels. 
In this study we find that the blue-yel low process has 
significantly different Tvc characteristics from the red-  
green or luminance processes. Furthermore, we provide 
evidence that directions of  opposite polarity within a 
single opponent or non-opponent mechanism can be 
asymmetric, especially for the yellow component of the 
blue-yel low mechanism, which has a significantly 
different contrast gain compared with the other cardinal 
directions. Evidence consistent with our findings have 
been reported by others for both diseased and normal 
eyes, where it has been shown that the blue-yel low 
system can manifest differences from other channels 
(Drum et al., 1989; King-Smith et al., 1989). Moreover, 
in disease, it has been reported that red and green 
sensitivity losses are correlated, whereas blue and yellow 
losses are not (Drum et al., 1989). In a similar manner, 
adaptation studies in normal eyes show that thresholds 
along the blue-yel low axis are linearly dependent, 
whereas thresholds along the red-green axis are inde- 
pendent of  the adapting background (Krauskopf & 
Gegenfurtner, 1992). Such evidence may indicate that 
the blue-yel low system is formed at a different level 
within the visual system than is the red-green opponent 
color process. 
The results of  these experiments lead to the conclusion 
that the processing of  signals of  opposite polarity within 
the blue-yel low, red-green and luminance mechanisms 
do not exhibit uniform characteristics. Also, the contrast 
gain is different between axes, especially within the blue-  
yellow channel. Switkes et al. (1988), suggest that 
differences in masking and facilitation can be explained 
by accelerating and compressive non-linearities at 
different sites of  visual processing. Our data are 
consistent with such an interpretation but also indicate 
that significantly different masking effects are found 
between the individual components within any particular 
channel, which we attribute to differences in ON/OFF 
signal processing. Such interactions between the different 
color and luminance mechanisms may not be obvious if 
opponent and non-opponent mechanisms are analyzed as 
single bi-directional systems. 
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APPENDIX 
Threshold detection and suprathreshold discrimination contours 
were modeled in each of the cardinal planes of DKL space to 
demonstrate he underlying trends (Mahon, 1994). This model was 
adapted from one proposed by Vingrys, Metha and Badcock (1993), to 
describe detection contours in cone contrast space. The model 
performs a two-dimensional fit by considering the data in a single 
color plane, where any point can be described by its amplitude (Z) and 
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angle (0) in that plane (Fig. 5). We chose to operate in fixed planes 
rather than conduct complex three-dimensional excursions in order to 
simplify the interaction effects. Our threshold ata show similar trends 
to those of Cole et al. (1993), obtained using a more extensive three- 
dimensional space. 
Model fitting is achieved by assuming that two independent 
mechanisms which mediate detection i  any plane and that these are 
orthogonal to the x and y axes (Fig. 5). Their thresholds can be defined 
by (Tx or Ty) where we use ix  and :i:y to signify the polarity of the 
mechanism being isolated by the test probe: R, G, B, Y, L+, L - .  
Threshold vectors Zx and Zy can be defined for any stimulus angle 
(0) with respect to whether threshold is being mediated by one (Tx) or 
the other (Ty) mechanism operating in that color plane [A(1) & A(2)]. 
Zx = 7~x/COS(0) (A1) 
Zy = Ty/sin(O) (A2) 
If we assume that probability summation affects detection in the 
presence of multiple independent mechanisms then the overall 
sensitivity (So) is determined by the individual sensitivities of each 
mechanism (Sx, Sy) and is expressed in terms of their thresholds, Zx 
and Zy, by A(3), where n is the summation i dex (Quick, 1974). 
(S0) n = (Sx) n + (Sy)  n = (1/b >/b  >x) n + (1/Zy) n. (A3) 
The overall threshold vector amplitude Zo can now be expressed in
terms of Tx and Ty [A(4)] as: 
1  (icos01 o o ! = (]sin0l "~ ~ n. 
Z°=~ I \~-x  J + \~y--y J J (An) 
In order to fit the above model sensibly, the data need to be 
symmetric about he origin as shown in Fig. 5. However, data from our 
experiments showed asymmetry in some cases. Therefore, post-hoc 
modeling was performed after the data had been translated along the x 
and y axes to force symmetry within the data. The level of x and y 
translation was determined by minimizing the moment of inertia for 
the centroid of the threshold surface: for the moment calculation each 
vector was assumed to have a unit mass. This translation averages the 
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FIGURE 5. A schematic of the RG-L color plane and the model used 
to fit detection and discrimination contours. The dotted lines show the 
sensitivities of the two mechanisms that subserve detection in any 
cardinal plane. The solid line shows the detection contour produced by 
the two independent and noise-limited mechanisms, assuming a 
constant level of probability summation (n = 4). The vector, Z0, 
describes the stimulus in terms of RMS cone contrast (%CC). 
asymmetry for that surface. Following the model fitting, the contours 
were translated back, by the x, y amount, to achieve their final profiles 
as shown in this paper (Fig. 1). While we could have modeled our data 
with independent mechanisms, we entered with an a priori assumption 
of symmetry inthe responses (which was confirmed for red-green) and 
we feel that an alternative approach would not have yielded different 
conclusions from our limited data sets. 
